D istribution factors, column experim ents, separation factors, m ass spectrom etry
In th is investigation th e isotope effect of uran iu m in th e system Dowex 50 resin/ <x-h y d roxyisobutyrate solution was studied by mass spectrom etry. A recycle ion exchange colum n was used for th e separation experim ents. T he dependence of th e isotope effect on th e p H value and on the concentration of th e a-h y d ro x y iso b u ty rate solution used as eluent was investigated. In the case of a 0.07 m and a 0.22 m a-h y d ro x y iso b u ty rate solution th e elem entary separation factor of uranium was calculated to be 1.00019 an d 1.00006, respectively. In b oth cases an enrichm ent of 235U in relatio n to 238U was found in th e solution.
In addition th e distribution factor of th e uran y l ions in th e in v estig ated system was determ ined in the pH range betw een 2 an d 6. The d istrib u tio n facto r depends strongly on th e p H value. W ith increasing pH values th e d istrib u tio n factor decreases.
The results obtained for th e elem entary separation facto r an d th e d istrib u tio n factor are com pared w ith other investigations.
The need of enriched 235U for fuel element s caused intensive studies to find out a more simple and economical way to enrich uranium isotopes than by gaseous diffusion or by gas centrifuge method. A m ethod of which much attention has been paid is the chemical ion exchange. After the first separation experiments on uranium isotopes in an ion exchange column by S p e d d i n g and P o w e l l 1 some other studies has been carried out in the same field2-6.
The quality of a separation method is determined by the separation factor. In the displacement elution of uranium with a Dowex 50 resin in copper ion form and diammonium magnesium EDTA as a displacer the elementary separation factor a be tween 234U and 238U was calculated to be a 234 = 1.0008, 234U enriching into the solution phase7. Break through experiments in an ion exchange column filled R equests for rep rin ts should be sent to Dr. J . A a l t o n e n , D epartm ent of R adiochem istry, U niversity of H elsinki, U nioninkatu 35, SF-00170 Helsinki 17 or to D ozent Dr. K . G. H e u m a n n , Fachbereich A norgani sche Chemie und K ernchem ie, Technische Hochschule, D-6100 Darmstadt, H ochschulstraße 4.
with Dowex 50-X12 resin were carried out by K a k ih a n a 3 with 2 m hydrochloric acid solutions containing various amounts of U(IV) and U(VI) ions. For this system the separation factor a 23® was estimated to be 1.00028-1.00040, 235U enriching into the resin. In the band elution of uranium C i r i c and Z m b o v 8 used Dowex 50-X8 resin and ammonium citrate and ammonium acetate as eluents. The elementary separation factors a 23® they got were 1.00016 and 1.00040 with citrate solution and acetate solution, respectively. In both cases 235U was enriched into the resin.
Depending on the investigated separation system 235U will enrich either into the resin or solution phase. Therefore it is interesting to study the behaviour of the uranium isotopes in different systems to get more information about isotope effects by chemical ion exchange. Uranium forms many organic complexes; there are only few ex periments dealing with uranium isotope separation by ion exchange where complexing agent has been used as an eluent. a-Hydroxyisobutyrate (a-HIBA) has been used successfully as a complexing agent in the separation of trivalent actinides by ion ex change9. It has also been used in the isotope separa tion experiments of some divalent elements like calcium10 and strontium 11 and a trivalent rare earth element, samarium12-13. In this work the elution of uranyl ions in a cation exchange column was studied using a-HIBA as the complex forming eluent. The concentration and the pH value of the eluent were varied in order to find out their influence on the isotope effect of uranium in the Dowex 50-X8/ ammonium a-hydroxyisobutyrate system.
Experimental a. Distribution factor
The static exchange experiments for the deter mination of the distribution factors in the system Dowex 50/a-hvdroxyisobutyrate were carried out by the following procedure: 1.5 g dried resin (Dowex 50W-X8, 400 mesh, Fluka AG) were introduced in 10 ml of a 0.1 M uranyl solution. Then 10 ml of a 0.35 m or of a 1.1 m a-HIBA solution were added. W ith diluted ammonia different pH values were adjusted. Finally the solutions of all samples were diluted to 50 ml in order to get solutions of 0.07 and 0.22 M of a-HIBA, respectively. The samples were shaked 24 hours at 20 °C. After reaching the ex change equilibrium pH values were measured and the resin was separated from the solution.
The uranium concentrations in the solutions were determined by using a modified photometric method described by C a l u s a r u and B u n u s 14. All solutions were diluted one hundred times and a aliquot part of 5 ml was taken for the uranium analysis; 5 ml of a 2 m acetic acid/sodium acetate buffer solution (1:1) and 5 ml of 2.2 • 10~4 M arsenazo II I solution (arsenazo I I I = 2,7-bis(o-arsenophenylazo)-1,8-dihydroxynaphthalene-3,6-disulfonic acid sodium s a lt; Fluka AG) were added. Uranyl ions form a green coloured complex with arsenazo III, which is detectable very sensitively. The tran s m ittance of the samples were measured a t a wavelength of 645 nm with a spectrophotometer (Hitachi-Perkin-Elmer, model 139). The acetic acid/acetate buffer was added to eliminate any dependence of the analysed uranium content on the pH value. To get a calibration curve always the same a-HIBA concentrations as in the samples were used. Under these conditions uranium could be analysed in the concentration range between 0.5 and 15 jug uranium per ml.
b. Column experiments
The column used in the experiments was 1 m high and 7 mm in diameter. I t was filled with Dowex 50W-X8 resin (400 mesh). The flow of the eluent was controlled by a peristaltic pump. The uranium content of the effluent could be followed with a flow through ultraviolet absorptiometer (LKB, 4701 A Uvicord), which was connected to a chart recorder. A fraction collector was used to collect the uranium fractions. The uranium content of all the fractions was measured by counting the photopeak intensities of the 185 keV X-ray of 235U by a single channel analyser (Wallac AS-11) and a NaJ(Tl) scintillation detector.
The starting material for the ion exchange ex periments on uranium in the column was U30 8 from National Bureau of Standards (USA). The content of the two investigated isotopes in the uranium standard (U-500) according to the certificate was: 235U 49.696 and 238U 49.711 atomic per cent. To prepare the eluent a a-hydroxyisobutyric acid of purum grade (Fluka AG) and a ammonia solution were mixed together. Two recycle runs with uranium (run I and run II) were carried out with the ion exchange system described above. The uranyl nitrate used in the ion exchange experiments was prepared from the U-500 standard by dissolving the uranium oxide in a 65 per cent nitric acid and by evaporating the excess of the acid. For every run 10 mg of uranium as uranyl nitrate were dissolved into 2 ml of the eluent solution. This solution was introduced on the top of the column where the resin was in equilibrium with the solution of the same concentra tion and pH value.
The concentration and the pH value of the eluent were varied in the two runs. Depending on the migration rate and on the band width of the uranium band the number of cycles in the runs varied. The flow rate of the eluent in every run was 7.6 ml/h. The effluent from the column was collected with the fraction collector in 2000 sec. or 4000 sec. intervals. Some fractions of the two ion exchange runs were chosen for the mass spectrometric analysis. The concentration and the pH value of the eluents, the number of cycles, the elution times and the migration rates of these two runs are presented in Table I . T 
c. Mass spedrometric measurements
The isotope ratio 23»U/235U was determined with a single focusing mass spectrometer (CH 4, Varian MAT) and therm al ionization. A double filament ion source was used; the filaments were made of rhenium. As an ion detector there was a secondary electron multiplier.
The uranium samples were converted into uranyl nitrate and about 1 ug uranium was regarded enough for a precise isotope ratio measurement. The uranium nitrate solution was deposited at the evaporation filament; then the sample was dried with a surface evaporator and the isotope ratio was carried out under a vacuum of about 10-6 torr in the ion source. First the ionization filament was heated up to a tem perature of 1950 °C. Afterwards the evaporation filament was heated until the ion current of each of the two investigated isotopes was about 2 • 10-12 A with a filament temperature be tween 950 and 1200 °C. Under these conditions the emission of U + ions is more abundant than the emission of the ions UO+ and U 0 2+. So the U+ ion current was measured to determine the isotope ratio. The peak intensities at mass units 235 and 238 wT ere recorded six times in each mass spectrum. Therefore the effects of increasing or decreasing ion currents could be corrected by interpolation of the peak bights. From every uranium sample and from the uranium standard a series of four to five mass spectra was made. In the average the error (standard deviation) of one series was less than 0.15 per cent. The precision of the isotope ratios within one mass spectrum was better than 0.1 per cent. A detailed description of uranium isotope measurements and the way how to get the optimum mass spectrometric conditions for uranium isotope determ ina tions were given earlier by H e u m a n n 15. Fig. 1 shows the distribution factor Ka in depend ence on the pH values. Ka is defined by Eqn. (1): mg uranium in resin/g dried resin mg uranium in solution/ml solution ^ T he curves in Fig. 1 give the results for a 0.07 m and a 0.22 m solution of a-HIBA. In the average the distribution factor is about ten times higher in the case of a 0.07 M a-HIBA solution than in the case of a 0.22 m solution. This result can be attributed to the fact, th a t the exchange equilibrium of uranyl ions is biased towards the complex compound with a higher a-HIBA concentration.
Results and Discussion

a. Distribution factor
Within the investigated pH range the distribution factor always decreases with increasing pH values. This means the a-HIBA complex becomes more stable in relation to the binding of uranyl ions at Dowex 50 with higher pH values. This tendency agrees writh the results given by C a l u s a r u and Busrus14 for uranyl ions in the system Dowex 50/ citrate solution and Dowex 50/acetate solution, respectively. Contrary to their systems the Ka values are much higher at the same pH value wrhen a-HIBA is used as a complex compound. This contrast can be caused by different stabilities of the uranium complexes and b}" the formation of complexes with a negative charge in citrate and acetate solutions. A decrease of the distribution factor with increasing pH value was also found with other elements in similar systems, for example with calcium ions in the system Dowex 50/EDTA solution16. It is not significant to determine uranium distribu tion factors in solutions with a pH value over six because precipitation of uranium begins. Under the conditions used in the column experiments the Ka values were 16-18 ml/g (0.07 m a-HIBA) and 10-12 ml/g (0.22 m a-HIBA), respectively. Fig. 2 shows the elution curves of the two runs. The samples marked in the elution curves have been analysed with the mass spectrometer. The results of the mass spectrometric analysis are given in Table II  and Table III , respectively. The isotope ratio 238U /235U of the samples and of the standard has been calculated as well as the local enrichment factor R, which is defined by Eqn. T able II. The isotope ratio 238U/235U of four samples obtained from run I.
b. Separation factor of uranium isotopes
Sam ple
No.
An n [%]
Isotope ratio (238U/235U) • In Eqia. (2) 238^235^a nd (238U/ 235U )0 are the isotope ratios in the samples and in the standard. Here the starting material U-500 has been used as a standard. In Table I I and Table I I I the expression An/n is the proportion of uranium eluted from the column, A n being the cumulative amount of uranium eluted in all fractions up to the particular fraction and n the total am ount of uranium in the column.
From the results of the mass spectrometric analy sis the elementary separation factor a = 1 ± s can be calculated. The elementary separation factor of the uranium isotopes in the investigated system is given by Eqn. (3):
« Hl (Ü) = (!siU /™ U U ,"on • ( -U / -U ) resI1, = 1 + £ (3). G ltje c k a u f has shown17 th at for an elution curve with a Gaussian error distribution and for the condition e 1, the plot of R -1 versus An/n appears as a straight line on probability paper. The slope of this line is equal to e • y/N taking into account the scale-value of the abscissa, which from 0.02% to 99.98% corresponds to seven linear units. N is the number of theoretical plates in the column. This number can be calculated from Eqn. (4)18:
where cmax is the concentration maximum of uranium and v is the position of this maximum in the elution curve. In Fig. 3 the values for R -1 obtained from run I and run II (Table I I and Table III) T he enrichm ent of th e uranium isotopes in dependence on th e eluted uranium am ount, probability paper as a function of An/n. The calcu lated separation factor and the number of theoretical plates of the two runs are presented in Table I .
There is an uncertainty in the determ ination of N and e as one can see from the not quite symmetrical elution curves (Fig. 2) and from the limits of error for 7?-l (Fig. 3) . The higher migration rate in run I compared with run II can be explained by the lower distribution factor of uranium using a 0.22 M a-HIBA solution instead of a 0.07 m a-HIBA solution (Fig. 1) .
The elementary separation factor of the uranium isotopes obtained from the ion exchange run with a 0.22 m a-HIBA solution is smaller than in the case where a 0.07 M a-HIBA solution was used. Possibly this can be caused by the lower uranium concentra tion in the resin using 0.22 M a-HIBA solution. In both runs an enrichment of 235U was found in the
